The integration of biomimetic robots in a fish school may enable a better understanding of collective behaviour, offering a new experimental method to test group feedback in response to behavioural modulations of its 'engineered' member. Here, we analyse a robotic fish and individual golden shiners (Notemigonus crysoleucas) swimming together in a water tunnel at different flow velocities. We determine the positional preference of fish with respect to the robot, and we study the flow structure using a digital particle image velocimetry system. We find that biomimetic locomotion is a determinant of fish preference as fish are more attracted towards the robot when its tail is beating rather than when it is statically immersed in the water as a 'dummy'. At specific conditions, the fish hold station behind the robot, which may be due to the hydrodynamic advantage obtained by swimming in the robot's wake. This work makes a compelling case for the need of biomimetic locomotion in promoting robot-animal interactions and it strengthens the hypothesis that biomimetic robots can be used to study and modulate collective animal behaviour.
INTRODUCTION
Fish schooling has always attracted the curiosity of the general public and the attention of the scientific community for its visual allure and structural complexity. A school is considered as a social aggregation of fish swimming in the same direction and maintaining nearly constant spacing with respect to neighbouring conspecifics [1] . This social swimming behaviour is common to a large spectrum of fish species [2] . It is recognized to produce an array of costs, such as increased sexual and feeding competition and parasitism [2] , which can be outweighed by various advantages of group formation, including anti-predator behaviour, foraging, mate choice and reduced cost of transport [2 -5] . These behaviours have been traditionally assumed to be generated in a self-organized manner in which all the school members behave like an egalitarian 'superorganism' [6] [7] [8] . However, a number of observations demonstrate large intrinsic variations among individuals in both behavioural and physiological traits [9 -15] ; this inter-individual variation may allow for the emergence of leadership in the gregarious group [16] . Although some experimental evidence has shed light on important aspects of schooling [2] , the causes and consequences of leadership in schooling fish remain largely unexplored.
We hypothesize that the integration of a fish-like robot within a group of live fish may enable fundamental research on collective animal behaviour and open new directions at the interface of robotics and marine biology. In fact, the opportunity of controlling a member of a group may (i) provide valuable and multifaceted information on the feedback of live animals obtained by modulating the behaviour of this 'engineered' group member and (ii) enable novel conservation methods based on the controlled response of the group. Despite the potential of this approach, the relationship between bioinspired robots and live animals remains largely untapped [17] [18] [19] [20] [21] . Notably, biological studies on fishrobot interactions are limited to three-spined sticklebacks interacting with a fish-like replica rigidly dragged in a static environment [22] [23] [24] . However, none of these studies explore the interactions between animal systems and biomimetic robots whose locomotion mimics their animal counterpart in an authentic bioinspired design [25] .
Here, we employ a robotic fish to study the interactions between animals and robotic devices. The robot biomimicry resides in its locomotion, as its propulsion system simulates the natural swimming performed by a fish and, as a consequence, is expected to create a wake pathway that can be exploited by live animals to reduce their energetic cost of movement [26] . We hypothesize that this high degree of biomimicry facilitates the acceptance of the robotic fish in a live fish school. In fact, one of the main advantages offered by swimming in a school is the hydrodynamic return that can be obtained by individuals in the back positions as a consequence of the wake generated by individuals in front positions [4, 15] . This benefit is evidenced by the tail beat frequency (TBF) reduction experienced by fish in the follower position that exploit the wake created by individuals in leading positions [15, 27] ; such frequency is directly related to energy expenditure during continuous swimming [4] . Therefore, a biomimetic robotic fish swimming in the school's front positions may provide a considerable hydrodynamic advantage to live fish in the trailing positions and thus effectively induce robotic leadership within the group.
In this study, we use a water tunnel to allow the robotic fish and individual golden shiners to swim together at different water velocities. Golden shiners are cyprinid fish native of North America of high ecological and economical relevance [28] . They are recognized to be highly gregarious fish, which makes this species an ideal experimental subject for this type of ethorobotics studies. We also use a digital particle image velocimetry (DPIV) system to characterize the flow physics. We test the hypothesis that, at certain swimming speeds, fish can be attracted by the biomimetic locomotion of the robotic fish and that this attraction depends on the hydrodynamic advantage induced by its swimming movement.
MATERIAL AND METHODS

Biomimetic robotic fish
The robotic fish used in this study is presented in the study of Abaid et al. [29] and its performance is studied by Kopman & Porfiri [30, 31] . Briefly, it comprises a rigid acrylonitrile butadiene styrene (ABS) plastic body shell and a tail section constituted by a rigid ABS element and a compliant mylar caudal fin. The robot is designed in SolidWorks (figure 1a) and printed on a rapid prototyping machine (Stratasys, Dimension SST, USA). The robot is waterproofed with rubberized plastic. It has a length of 15 cm, a height of 4.8 cm and a width of 2.6 cm. The robot uses a waterproof servomotor (Traxxas, 2065 Sub-Micro servomotor, USA) to operate the tail section and achieve the desired biomimetic locomotion. The presence of a compliant caudal fin allows for a sinuous undulation of the tail mimicking live fish swimming. Robot tail beat frequency (TBF robot ) and tail beat amplitude (TBA robot ) are controlled by an external microcontroller (Arduino, Duemilanove, Italy). The signal driving the servomotor yields a periodic sinusoidal motion of the compliant mylar caudal fin.
Animals
Golden shiners, Notemigonus crysoleucas (length, 7.8 + 0.5 cm; mass, 5.5 + 0.3 g; mean + s.d.) were obtained from a local fish farm (Bliss, NY, USA) in April 2011 (figure 1b). On arrival at the laboratory, fish were transferred to a holding tank with rectangular cross section (0.5 m 2 ) with re-circulating, filtered natural freshwater. Golden shiners were kept at constant temperature (23 + 0.38C) under prevailing natural photoperiod for at least three weeks before the beginning of the experiments. Fish were fed once a day Fish and robots swimming together S. Marras and M. Porfiri 1857 with goldfish granules (Aqueon, Franklin, WI, USA) and individuals were fasted for at least 24 h before use in experiments.
Experimental setup and protocol
Experiments are performed in a Blazka-type water tunnel (Engineering Laboratory Design, Inc., Lake City, MN, USA). The working section of the tunnel is 100 cm in length, 15 cm in width and 15 cm in height. Two plastic honeycomb grids delimit the working section and promote rectilinear flow and uniform velocity profiles. Water flow is generated by a variable speed electrical motor that allows for controlling the water velocity. The robot body shell is tethered to the middle of the experimental tank with a small metallic support rod; the centre of mass (CM) of the robot that is 6.5 cm from the tip of the nose is anchored at 50 cm from both the upstream and downstream ends of the section. A high-definition camera (Canon, Vixia HG20, Japan), filming at 30 frames per second, is placed above the working section to record the interaction between fish and the robotic fish (figure 2a ) and four tail beat frequencies of the robotic fish (F0, 0; F1, 1; F2, 2; and F3, 3 Hz). A total of 72 fish were tested (n ¼ 6 for each condition). We comment that even if V1 and V2 seem very close, they actually differ by one-quarter fish body length (BL) per second, which is expected to produce significant differences in TBF of fish of this size [32] .
The experiment starts with an individual fish transferred from the holding tank to the water tunnel. The water velocity at the time of the transfer is zero while the tail of the robotic fish is already beating at the desired frequency. After 2 min, the water velocity is increased from zero to approximately half of the final water velocity (for example, 7 cm s 21 in the case of a final velocity of 14 cm s
21
). After 30 min, the water velocity is increased to the final testing value. Fish are left undisturbed for another 30 min and then their swimming with the robotic fish is recorded for 5 min. At the end of these 5 min, fish are removed from the water tunnel and measured for length and weight before being placed in a different holding tank. In separate experiments, DPIV is used to characterize the hydrodynamics of the wake generated by the robotic fish at the 12 different swimming conditions obtained by varying the water velocity and TBF robot (figure 2b). The implementation of this method follows standard fluid dynamics practice, as shown, for example, in the study of Peterson et al. [33] . Briefly, the water is seeded with silver-coated hollow glass microspheres (17 mm diameter, Potters Industries, Inc., Carlstadt, NJ, USA), which are illuminated by a double-pulsed NewWave Solo III 100 mJ per pulse Nd:YAG laser. A horizontal laser sheet of approximately 1 mm thickness is spread along the central axis of the tail of the robotic fish. A 1000 Â 1000 pixel 2 RL Megaplus ES 1.0 camera with an AF Micro Nikkor 60 mm focal length lens is used to capture images. The field of view is 200 Â 150 mm 2 . A Dantec Dynamics FlowMap 1500 system (Dantec Dynamics A/S, Tonsbakken, Denmark) synchronizes the camera and the laser and processes the images. Sequential pairs of video images (4 ms apart in time) are collected and analysed using cross correlation to estimate the two-dimensional water velocity field in the plane of observation [34] . The bulk displacement of particles in a small interrogation region between the two images is used to approximate the velocity in that region at the time instant of the first image. Image pairs are crosscorrelated using the FlowManager processing software (Dantec Dynamics A/S, Tonsbakken, Denmark). The cross-correlation analysis uses a multi-pass central difference fast-Fourier transform correlation process with a final interrogation region size of 16 Â 16 pixels 2 with 50 per cent overlap [35] . Figure 3 illustrates the field of view in DPIV experiments along with the region of interest whose velocity field is plotted in the following analysis. In addition, figure 3 Note that, in the present experiment, the behavioural (fish -robot interaction) and hydrodynamic (DPIV measurements) analyses were not conducted together. This was mainly done to avoid potential bias owing to the presence of a pulsating and high-intensity laser sheet that can affect fish behaviour. We expect that the larger size of the robot and the three-dimensional structure of the wake from its tail [36] would not alter significantly the main features of the flow physics reported in this study if live fish were swimming with the robot at a relatively large distance [37] .
Behavioural and hydrodynamic measurements
Swimming sequences are analysed using Redlake MotionScope PCI (v. 2.21.1.). For each 5 min-long video, 60 snapshots are taken at 5 s intervals. Twodimensional x and y Cartesian coordinates of the robot's and fish's centres of mass are acquired for each snapshot with the x-axis along the length of the working section of the tunnel for convenience. A live fish is considered to interact with the robot whenever the x-coordinate of its CM is in a region (R) that extends to 4 BL from the x-coordinate of the CM of the robot (CM robot ). R occupies approximately 60 per cent of the total area available for fish to swim in the water tunnel. The CM of each fish is estimated to be at 38 per cent of its total length from the tip of the head. In addition, we partition the domain R into the front (R ft ) and the back (R bk ) regions (figure 4). Specifically, R bk identifies the portion of the observation region in which the robotic fish mostly perturbs the flow; the perturbation is induced by the tail beating, which, in turn, creates vortical structures. This region is assumed to begin at 4 cm from CM robot along the x-axis, corresponding to the end of the rigid element of its tail section. R ft is considered as R deprived of R bk .
To describe the level of attraction of an individual fish towards the robot, we measure the time spent by a fish within R (t) and the time spent within R bk (t bk ). For each condition, we average these individual-based variables to learn about the overall ability of the robot to attract fish. Specifically, we define the mean time spent by the fish within R ( t) and the mean time spent by the fish within R bk ( t bk ) (n ¼ 6). To investigate the correlation between fish attraction to the robot and swimming patterns, we measure the individual fish TBF, when swimming both in R ft (TBF Fish and robots swimming together S. Marras and M. Porfiri 1859
For each water velocity, we take the mean of TBF ft and TBF bk over the whole set of fish tested at that water velocity (n ¼ 24) to obtain the average TBF when either leading or following the robot. For overall comparison, we also consider the average TBF for a selected water velocity as the mean of these two averages. In addition, for each fish, we define Df as the difference between its specific TBF bk and the average TBF ft corresponding to that water velocity.
To further characterize the attraction of fish to the robot, for each behavioural trial, we compute the polar coordinates of the fish with respect to the robot by setting the origin at the robot's CM and taking null angle if the fish is aligned with the robot. From these angular coordinates, we measure the so-called mean circular vector which ranges from 0, corresponding to the fish attaining all feasible angles throughout the trial, to 1, when its angle is held constant [38] . Note that, in this computation, angles are normalized between 08 and 1808 to account for the symmetry. We say that the fish holds station with respect to the robot when its mean circular vector is higher than 0.95 and we report the mean angle (a) for completeness (figure 3). If such mean angle is less than 908, we say that the fish holds station behind the robot. We comment that this quantity is computed within R, that is, a fish may hold station with respect to the robot even if it does not stay in R for the whole duration of the experiment. Yet, this quantity is only computed for fish that spend at least 70 per cent of the 5 min observation period within R.
Finally, to characterize the robot propulsion, we measure its tail beat amplitude (TBA robot ). This quantity is used to compute the oscillatory Reynolds number of the beating tail that is directly related to the thrust produced by the biomimetic propulsor [39] . Specifically, the oscillatory Reynolds number is Re ¼ TBA robot TBF robot 2pl/n, where l is the length of the whole actuator comprising both the rigid and the compliant tail and n the water kinematic viscosity. In SI units, the average thrust per unit width is computed as T ¼ 7.81 Â 10 ; therefore, the speed of the robot if it were swimming in quiescent water can be estimated by [40] :
where w is the fin width, L the robot length, r the water mass density and C D is the drag coefficient which is estimated to be 0.275 from the identification of free swimming data [31] . Note that this estimate uses the so-called statically balanced thrust [41] and neglects the yaw motion of the vehicle body [40] to compute the robot's terminal speed. Alternative estimates for the terminal speed based on slender body theory can be found in the study of Chen et al. [42] .
For convenience, we normalize V with respect to the water velocities. Values proximal to 100 per cent indicate that the robotic fish would be able to remain in constant position at the given water velocity without the support of the rod. Values above and below 100 per cent represent cases where the robotic fish would move upstream or downstream, respectively, compared with its original position in the tunnel.
The velocity intensity field and the vorticity are calculated using a custom-designed code in Mathematica 8 (Wolfram, Champaign, IL, USA).
Statistical analyses
A two-way ANOVA, having water velocity and TBF robot as independent factors and the time spent within 4 BL from the robot (in seconds) as dependent variable, is used to evaluate whether fish preference to stay within R varies significantly between the test conditions [43] . A two-way ANOVA, with TBF as the dependent variable and independent variables given by the water velocity and the x-position relative to the robotic fish, is performed to determine whether TBF differs as the water velocity changes and whether it is computed in R ft and R bk . Linear regressions are performed to investigate the relationships between t and t bk and Df, Df ft robot and Df bk robot . Statistical analyses were performed using SigmaPlot v. 11.0, and Mathematica 8. A probability less than 5 per cent ( p , 0.05) is taken as the limit for statistical significance.
RESULTS
Interactions between fish and robot are observed to depend strongly on the experimental conditions (figure 5; n ¼ 6). In particular, at TBF robot ¼ 0 Hz, fish spend relatively less time within 4 BL of distance from the robotic fish, that is, in R (ranging from 5.5 to 15.3% with a mean of 10.1%), than at In other words, they persistently occupy the same microhabitat for a substantial portion of the observation period as displayed in figure 6 . In the remaining conditions, fish swim at the back of the robot without maintaining a fixed angle as further illustrated in figure 6 .
We also find that TBF increases significantly as the water velocity increases (average TBF at V1, 3.3 Hz; average TBF at V2, 4.1 Hz; average TBF at V3, 4.5 Hz; ANOVA, all p , 0.05). At V1, there is a significant difference between TBF measured when swimming in R ft and R bk (R ft higher than R bk ; ANOVA, p , 0.05; figure 7 ), which is not found at V2 and V3 (ANOVA, both p . 0.05; figure 7) . . This graph shows how individuals whose TBF is closer to that of the robotic fish are more prone to spend time in its proximity, however TBF is never synchronized with TBF robot (figure 10). The robotic fish is able to sustain its swimming at four of the different conditions tested in this experiment, that is, its normalized velocity is close to 100 per cent at V1F2, V1F3, V2F2 and V2F3 ( figure 11) . Notably, two out of four of these conditions (that is, V1F2 and V2F3) are those where fish hold the station at the back of the robotic fish. Figure 12 displays representative results of DPIV in the vicinity of the robot tail for all test conditions. Specifically, it shows the average intensity of the velocity field ðjṼ ave jÞ computed by averaging over the entire sequence of frames for the considered conditions. The beating of the tail induces a very different average intensity field characterized by the formation of two water jets symmetrically oriented with respect to the neutral position of the tail vibration, similar to those observed for electro-active polymers vibrating in quiescent fluids as shown in the study of Peterson et al. [33] . The time-resolved analysis of the vorticity field generated by the tail beating of the robot is presented in figure 13 for conditions V1F1, V1F2, V2F3 and V3F3, where some fish are found to hold station at the back of the robot.
DISCUSSION
Our results reveal that the biomimetic locomotion of the robotic fish is a determinant of fish positional preference. In fact, live fish tend to spend more time close to the robotic fish when its tail is beating rather than when it is statically immersed in the water as a 'dummy'. At some particular combinations of water velocity and TBF robot , some fish hold station behind the robot. That is, they specifically occupy a narrow range of angular positions aligned with water jets that are generated by the flapping tail. This restricted microhabitat appears to be the place where individuals can obtain a hydrodynamic advantage that potentially reduces energy expenditure during their swimming. This suggests that, in non-static flows, interactions between this class of robotic fish and golden shiners are dominated by hydrodynamic cues more than visual attraction.
When one or more members of a fish school are dominant over others as a result of some behavioural, physiological and/or ecological pressure, leadership and followership are likely to appear [11, 16, 44, 45] . For example, during migration, individuals having higher aerobic capacity (that is, total capacity for oxygen supply to tissues and ATP production, for use in all oxygen-consuming physiological functions within an organism at a given time) tend to occupy front positions and, vice versa, individuals with lower aerobic capacity are more prone to occupy back positions [15] . This phenomenon occurs because individuals in trailing positions can reduce their TBF [15] and, as a consequence, Fish and robots swimming together S. Marras and M. Porfiri 1863 their energy expenditure [4] . In our experiment, we analogously find that individuals taking follower positions with respect to the robot are those that maximize Df and hence are expected to obtain the highest energy saving (figure 8). However, when the data on the reduction in TBF are averaged across the whole fish population differences are difficult to track. This is evidenced in figure 7 , where the statistical differences are displayed only for V1, which accounts for two out of the four preferred conditions. Fish tendency to swim at the back of the robotic fish may be caused by the flow physics induced by the robot's biomimetic locomotion, which is exemplified through figure 12 , where the existence of flow jets emanated by the robotic tail is demonstrated. The timeresolved analysis of the flow physics downstream of the robot illustrated in figure 13 shows that these jets correspond to a train of vortical structures generated in the proximity of the beating tail and shed downstream by the imposed channel flow. Notably, the intensity and frequency of these vortical structures are similar to the linked vortex rings generated by the caudal fin of real fish during their swimming [46, 47] . Previous works have shown that fish can exploit vorticity patterns, such as the Karman vortex street, that are generated by unsteady flow separations resulting in the formation of vortex pairs travelling downstream [26] , to reduce their oxygen uptake and consequently their energy expenditure during swimming [48] . Our experiment seems to confirm these findings, as we observe that fish tend to hold position at regions close to the robotic fish tail characterized by high vorticity following a spatial formation that is similar to the diamond structure employed by conspecifics when swimming in school [49] . Specifically, we find that all the individuals holding station behind the robot reside in the same region characterized by the range of between 308 and 508 (see figure 3 for comparison; note that values are from 08 and 1808, so that fish angular position is independent of whether fish stay on the left or the right of the robot). By superimposing such positions and the vorticity field induced by the robot's tail beating as shown in figure 13 , we find that the individuals that held station behind the robot always occupied regions where the vorticity changes mostly in time. Therefore, it is reasonable to assume that the robotic fish's biomimetic movement is generating vorticity patterns which are exploited by the live animals to reduce their energy expenditure. While prominent vorticity patterns are generated in all the conditions where the robot is beating its tail, the attraction of fish towards the robot is stronger when their TBF is closer to TBF robot , that is, when the shedding of vortical structures from the robot tail matches the natural frequency of live fish. This finding is in line with the observation of frequency synchronization of rainbow trout with the shedding frequency of Karman vortex streets [48] .
However, we note that not all of the individuals in this study interact with the robotic fish in the same way. Some of the fish did not hold station downstream of the robotic fish, even when swimming at those particular conditions that are favourable to others. A possible explanation why individuals differ in their degree of interaction with the robotic fish is that differences in their metabolic physiology may drive individuals with higher aerobic capacity to swim in front of the robotic fish. Having higher aerobic capacity demands higher food intake rates [50, 51] and the frontal position in a school can give this foraging advantage. Moreover, a major benefit of higher aerobic capacity is given by the ability of swimming at higher speeds while keeping enough energy to feed and digest. Another possible explanation may reside on fish perception of the robot. Specifically, the robot can be perceived as a predator by some fish and individuals may react differently to such threat. Thus, different levels of threat perception may influence fish positioning with respect to the robot. This hypothesis may find additional support from the fact that golden shiners are extensively used as bait fish for recreational fishing and that the robot is approximately twice the size of fish (figure 1). For some fish, the disparity in size may promote the attraction towards the robot rather than avoidance, if the robot were perceived as a conspecific of larger body size [52] . We comment that such difference in size is difficult to reduce given the number of hardware components needed to allow the untethered operation of this robot [30] .
Although some previous works have successfully investigated the interactions between live animals and robots or animal-like replicas, none of these studies have considered robots that are designed to simulate animal locomotion. For example, Vaughan et al. [18] have developed a sheepdog-like robotic device that is able to drive ducks to a predefined region in the area of experimentation. Halloy et al. [20] have used pheromones to allow the acceptance of autonomous robots in a group of cockroaches. Partan et al. [21] have analysed the interactions of eastern grey squirrels with replicas displaying alarm behaviour. Takanishi et al. [17] have studied interactions of a miniature ground vehicle with rats. Faria et al. [22] have used a fish-like replica, controlled with a magnet placed under the tank, to visually attract and drive single fish out of a refuge and to initiate new swimming directions in both individuals and groups. The novelty of our work resides in the use of a robotic fish that is able to mimic fish swimming and thus create hydrodynamic advantages analogous to conspecifics. The fact that live fish are attracted to the robot only when it beats its tail suggests that, in non-static flows, hydrodynamic advantages induced by the robotic fish's biomimetic locomotion may overcome other cues, such as visual attraction [53] . In other words, while the robotic fish Fish and robots swimming together S. Marras and M. Porfiri 1865 attracts only a portion of the live fish when beating its tail (the average time spent in R is at most 48.1%), such attraction is almost completely lost when it is immobile.
In this experiment, we have tested animal -robot interaction for 1 h acclimation and 5 min recording; however, as fish may reduce their swimming cost by exploiting the robotic fish swimming, we can speculate on the possibility that fish can be led by the robotic fish for prolonged periods of time. Further work should investigate the temporal stability of our findings over extended time windows suitable for experimentation in the wild. We also comment that, in our experiment, the robotic fish was attached to the water tunnel with a metallic rod to allow for a systematic spatial characterization of the fish -robot interaction in a broad range of TBF robot and water velocities and to favour a standard field of view for the camera during the DPIV measurements. Nonetheless, the robot is able to swim freely as documented earlier [30] and, if left free to swim, it would be able to sustain its swimming at four of the different conditions tested in this experiment (that is, V1F2, V1F3, V2F2 and V2F3) including two conditions for which fish hold station with respect to the robot. We further note that the selected experimental design tends to emphasize hydrodynamic phenomena versus behavioural choices owing to the presence of a mean flow in which fish are forced to swim and thus interact with the vortical structures generated by the swimming robot, which is held stationary in the water tunnel. Further information about the leadership of such robot should be garnered by using alternative experimental designs focused on behaviour, such as the methodology used in the study of Reebs [52] to study the influence of body size on leadership.
Nature is a growing source of inspiration for engineers. This study has demonstrated that the degree of biomimicry in the robotic locomotion has a major role 0  125  100  75  50  25  125  100  75  50  25  125  100  75  50  25  125  100  75  50 in determining the feasibility of attracting live fish in non-static flows. Introducing biomimetic robotic devices in the wild may open new horizons for conservation studies. If accepted by the animals, robotic fish may act as leaders and drive them away from humaninduced ecological disasters that are affecting life in aquatic environments, such as oil spills, and manmade structures, such as dams. In addition, such robots can be used in the laboratory to design experiments addressing fundamental questions in animal behaviour. With reference to collective behaviour, the use of 'engineered' group members controlled by the researcher may allow to test a wide spectrum of hypotheses pertaining to hierarchies in spatial positioning with respect to energetic, morphological, and behavioural traits of individual fish.
